Motivation: Just as transcription factors, miRNA genes modulate global patterns of gene expression during differentiation, metabolic activation, stimulus response and also carcinogenesis. However, little is currently known how the miRNA gene expression itself is regulated owing to lack of basic information of their gene structure. Global prediction of promoter regions of miRNA genes would allow us to explore the mechanisms underlying gene-regulatory mechanisms involving these miRNAs. Results: We speculate that if specific miRNA molecules are involved in evolutionarily conserved regulatory systems in vertebrates, this would entail a high level of conservation of the promoter of miRNA gene as well as the miRNA molecule. By our current screening of putative promoter regions of miRNA genes (miPPRs) on this base, we identified 59 miPPRs that would direct production of 79 miRNAs. We present both biochemical and bioinformatical verifications of these putative promoters.
INTRODUCTION
are endogenous 20-24 nucleotide RNAs known to mediate the repression of target mRNAs by suppressing translation or promoting mRNA decay in animal (Zamore and Haley, 2005) . More than 500 species of miRNAs have now been identified in human (Griffiths-Jones, et al., 2006) , and also predicted to target roughly 30% of the total coding genes in human (Lewis, et al., 2005; Xie, et al., 2005) . In spite of the strong impact of miRNAs on regulatory network comparable to transcription factors, it still remains largely unknown how human miRNA expression itself is regulated at the transcriptional level, although the vertebrate miRNA genes are thought to be generally transcribed by RNA polymerase II (pol II) to produce a pri-miRNA containing a 5'-cap structure and polyA tail (Cai, et al., 2004; Lee, et al., 2004) . Several reports have now shown examples of vertebrate miRNA gene regulation by known transcription factors (O'Donnell, et al., 2005; Zhao, et al., 2005) . Some overrepresented motifs have been also described in limited upstream flanking regions of miRNA embedding regions in nematodes, plants and mammals (Lee, et al., 2007; Ohler, et al., 2004; Zhou, et al., 2007) . However in these studies, miRNA gene structures and transcripion units were not considered. It would be * To whom correspondence should be addressed.
partly because identification of a transcription unit of miRNA is very difficult owing to low expression levels of certain miRNA genes in specific tissues (Farh, et al., 2005) , and to instability of primary transcripts of miRNAs (pri-miRNAs) (Cullen, 2004) . Therefore, currently only a few pri-miRNA structures have been described biochemically (Cai, et al., 2004; Kim and Kim, 2007; Lee, et al., 2004; Taganov, et al., 2006) . Some miRNAs embedding regions are reported to reside in introns of certain coding genes (Kim and Kim, 2007; Rodriguez, et al., 2004 ), but it is not fully understood how these miRNA are produced.
To understand regulatory networks that involve miRNAs, we are interested in important regulatory systems conserved across vertebrates. We speculated that in such miRNA molecules, a high level of conservation would be required for not only the miRNA molecule itself but for the promoter of the miRNA gene. We have performed a computational approach to predict promoters of such miRNAs on this basis by use of comparative genomic methods that have been successfully employed to some extent in the elucidation of functional cis-regulatory elements of coding genes (Blanchette and Tompa, 2002; Loots, et al., 2002; Xie, et al., 2005) . We finally presents a validity of our prediction using bioinformatical and biochemical analyses.
METHODS
The databases used in this study are described in online Supplementary Methods. We first searched for aligned blocks containing miRNA hairpin regions that were conserved between either human and chicken, or between human and zebrafish in the Blastz-alignment at UCSC (Blanchette, et al., 2004) . We set a threshold of the original alignment scores at higher than 50,000 to filter out nonconserved miRNAs and to remove overly short or poorly conserved blocks. When a hairpin region was split into two adjacent blocks, we concatenated the blocks.
We next searched for highly conserved blocks within the 100 kb upstream of the conserved blocks containing miRNA genes, with the same degree of conservation as above. Assuming that a hairpin region of miRNA is embedded in the middle of the miRNA gene, a limitation of 100kb is reasonable as 95% of the coding genes in refGene track are shorter than 200kb. We removed the blocks whose chromosome are different from the ones containing miRNA to assure that each block is located upstream of miRNA in each species. Using FASTA (Pearson and Lipman, 1988) , we also removed the upstream blocks in cases where the corresponding human sequence shares homology with the CDS or 3'UTR of human mRNA sequences (RefSeq) (more than 85% sequence identity).
From the remaining upstream blocks, we further removed blocks containing other conserved miRNA hairpin regions. When the adjacent consensus regions were less than 300 bp apart, the blocks were concatenated. Consensus sequences were then extracted from the selected blocks as follows: in the position where the base is conserved either between human and chicken or between human and zebrafish, and in addition between human and at least one other species among mouse, cow, lizard, chicken, frog, medaka and zebrafish, the base is regarded as a consensus base. Nonconserved bases or gaps are represented by "n".
We searched for core promoter elements in the consensus region by an entropy-based calculation (Frech, et al., 1993; Schneider, et al., 1986) with TRANSFAC weight matrices (TATA box: M00216, M00252, M00471, CAAT box: M00254 and GC box: M00255) according to the following equations;
where
, m and S k denote the consensus index at position i, relative frequency of base b at position i, and length of matrix and similarity of sequence at k th slid window to consensus one, respectively. The following cut-off values of similarity were used: : S k >88.6 for TATA box, S k >87.6 for CCAAT box and S k >86.2 for GC box. Details regarding our determination of the threshold are described in the Supplementary Materials and Methods. After selecting blocks containing at least one core promoter element, we finally selected the block that was located in the closest proximity to the corresponding miRNA and defined it as an miPPR. All computations were run on 96-CPUs Sun Fire 15K systems and a 128-CPUs Linux cluster system.
RESULTS AND DISCUSSION
We made two critical assumptions during the screening for promoters of miRNAs operating in evolutionary conserved systems across vertebrates. First, such miRNAs would not only be derived from pre-miRNA sequences that are conserved among vertebrates, but would also have a conserved promoter sequence. Second, such a conserved promoter harbors at least one core promoter element for RNA polymerase II (TATA, CCAAT and GC box). We screened such conserved regions within a 100kb region upstream of a series of miRNAs that are conserved among vertebrates, and defined miPPR as one which is in closest proximity to the corresponding miRNA embedding region (see Supplementary Figure S1 ). "Conservation among vertebrates" in this method indicates that conservation is detectable at least between either between human and chicken or between human and zebrafish. Details of the algorithm are described in Methods.
By this screening, 59 regions were eventually selected as the miPPRs for 79 miRNAs. These miPPRs are summarized in Supplementary Table S1 together with their genomic coordinates, their length (bp) as well as the closest distance between miPPR and the corresponding miRNA hairpin region.
The consensus sequences of miPPRs are available in Supplementary Data. Some of these different miRNAs share the same miPPR, suggesting that they are generated as polycistronic transcripts. Among them, such miR-1-2/-133a-1 cluster (Rao, et al., 2006; Sempere, et al., 2004) or miR-106a/-18b/-20b/-19b-2 clusters (Fontana, et al., 2007) , for example, has been shown to be co-regulated in several tissues.
The median distance between the human miPPR position and the corresponding miRNA was estimated to be 5.5 kb. By assuming that the hairpin region of the miRNA is located in the middle of the miRNA gene, this distance is less than one half of the median length of the known coding genes (11.4 kb). As shown in Figure  1A , the identified human miPPRs positions relative to the corresponding miRNAs are significantly shorter when compared with the 20 sets of background observation, where background PPRs were found from randomly selected conserved blocks as cohorts against miRNAs using the same procedure as miPPRs search.
The distances between 22 miPPRs and their corresponding miRNA hairpin regions are longer than 10kb, whereas 5 miPPRs is present very close to them (less than 25 bp) (Supplementary Table S1 ). We believe that these miPPRs are also good candidates for the miRNA promoter and discussed the basis for it partly using computational analysis in Supplementary Note. Moreover, calculation of odds ratio of CpG dinucleotides (ρ CpG ) (Nakashima, et al., 1997) shows that the human miPPRs had 1.43-and 1.64-fold higher ρ CpG than that of the background cohorts described above and that of entire human genome, respectively (Fig. 1B) . Considering that a significant fraction of known promoters locate in CpG island, these results support that the miPPRs are rich in functional promoter sequences.
Although only a few miRNA promoters has been reported, we found that the reported promoter regions for miR-146a (Taganov, et al., 2006) , miR-126 (Kim and Kim, 2007) and miR-10b (Ma, et al., 2007) are consistent with the miPPR-146a (Fig. 1C) , miPPR-126 (Fig. 1D ) and miPPR-10b predicted here, respectively. MiPPR-146a contained the conserved NF-κB binding sites that were reported to be critical for LPS response (Supplementary Fig.  S2A ). In the case of miR-10b, TWIST1, a metastasis-promoting transcription factor, has been shown to induce miR-10b via binding to the most proximal E-box upstream of the miR-10b hairpin region. Importantly, we detect this E-box in human miPPR-10b ( Supplementary Fig. S3 ).
We next performed direct biochemical analysis of miPPR-1-2 (for miR-1-2 and miR-133a-1), miPPR-199a-2 (for miR-199a-2) and miPPR-21 (for miR-21) based upon unique expression patterns of these miRNAs, which would be conducive for experimental analysis (Figs. 1 E-J) . The expression patterns of miR-1 and miR-133a are well characterized in muscle development (Rao, et al., 2006; Zhao, et al., 2005) . Both up-and down-regulation of miR-199a has been reported in several cancer cell types, indicating its potential involvement in tumorigenesis (Volinia, et al., 2006) . MiR-21 is also highly expressed in various human cancers (Volinia, et al., 2006) .
Primer extension experiment using human muscle RNA shows a transcription 20bp downstream of a conserved TATA box in miPPR-1-2 (Fig. 1E) . By northern analysis, a single transcript of 5kb was detected by probes for the just downstream region of miPPR-1-2 and also for the region embedding either miR-1-2 or miR-133a-1, but not by a probe for the just upstream region of miPPR-1-2 (Figs. 1F and G) . These results strongly support our contention that miPPR-1-2 indeed functions as the common promoter for miR-1-2 and miR-133a-1. In addition, this showed direct evidence to support the recent suggestion that miR-1-2 and miPPR-133a-1 might be embedded in a polycistronic transcript as described above. In the consensus sequence of miPPR-1-2 ( Supplementary Fig. S2B ), we also identified the previously reported SRF and MyoD element (Zhao, et al., 2005) . Similar northern analysis using RNA from HeLa cells has suggested that miPPR-199a-2 also directs a transcript embedding miR-199a-2 (Figs. 1H and I) . By primer extension and northern analysis, we elucidated that miPPR-21 drives pri-miR-21 30bp downstream of TATA box present in miPPR-21 (Fig. 1J) . These analyses on miR-21 indicated that the authentic pri-miR-21 is transcribed just downstream of TATA box in miPPR-21 but is not drived by the previously reported region (Cai, et al., 2004) and the details of biochemical analyses will be published elsewhere with promoter analysis including transcription factors involved in the regulation.
We categorized miPPRs with validation status as a measure of predictive accuracy (Supplementary Table S1 ).
Our direct biochemical analyses of a primary transcript of miR-1-2 and miR-133a-1 (Figs. 1E-G) , miR-199a-2 (Figs. 1H-I ) or miR-21 (Fig. 1J) were consistent with our predicted miPPRs (status 1). miPPRs-146a, miPPR-126 and miPPR-10b are consistent with previous studies of the promoter regions of the miR-146a, miR-126 and miR-10b, respectively (Figs. 1C and D) (status 2).
Other than these 6 miPPR, we identified 30 miPPRs that direct transcriptional initiation according to the UCSC database (status 3, 3' and 4) among total 59 miPPRs. Moreover, 19 out of these 30 miPPRs direct transcripts that harbor the corresponding miRNA (status 3) or transcripts that are produced by splicing of introns containing the miRNA (status 3'). All these findings support the validity of our approach. In some miPPRs with no varidation status, we found transcripts containing the miRNAs that are initialized either far upstream or downstream of the miPPR in the database. Therefore, some other promoter candidates would be major promoters, at least in the tissue from which the EST was isolated.
Since 0.03 quantile of the distribution of distances between adjacent coding genes is calculated to be 1.5 kbp, we tentatively regarded that a certain miRNA gene is overlapped with a coding gene in the genome when we find a coding gene locus within 1.5kb flanking regions of the miRNA embedding region. As shown in Supplementary Table S1, 30 conserved miRNAs are mapped to be overlapped with coding genes.
Among them, miPPR-490 corresponds to the common promoter of the miR-490 gene and the overlapping coding gene, CHRM2, whereas the miR-126 and EGFL7 genes share the common promoter, miPPR-126. These results suggest that the coding gene and miRNA could be co-regulated like these cases. However, most of these miPPRs were located distinct positions from the promoters of the overlapping gene, indicating that expression of miRNA would be regulated independent of the overlapping coding genes in these cases. For example, miR-21 were overlapped with the TMEM49 coding gene, however the expression of miR-21 is regulated by its own promoter, miPPR-21that resides in an intron of TMEM49, independent of the transcription of TMEM49 (Fig. 1J) .
Deciphering transcriptional regulation on miRNA genes is now urgent to understand regulatory networks structured with several layers including miRNA-mediated post-transcriptional repression. Biochemical promoter analysis using this information would be quite efficient and the accumulation of such biochemical data would be useful to improve the algorithm. We believe that such processes will contribute to find out conserved regulatory systems operating in vertebrates for further understanding of miRNA expression potential and misregulation in cancer or other diseases.
